Abstract The vascular endothelium, by virtue of its position at the interface between blood and the vessel wall, is known to play a critical role in the control of thrombosis and fibrinolysis. Thrombomodulin (TM) is a surface receptor that binds thrombin and is a potent activator of the protein C anticoagulant pathway. Although TM expression is known to be regulated by various cytokines, little is known about its response to ever-present biomechanical stimuli. We have explored the role of fluid shear stress, imparted on the luminal surface of the endothelial cell as a result of blood flow, on the expression of TM mRNA and protein in both bovine aortic endothelial (BAE) and bovine smooth muscle (BSM) cells in an in vitro system. We report in the present study that TM expression is regulated by flow. Subjecting BAE cells to fluid shear stress in the physiological range of magnitude of 15 (moderate shear stress) and 36 (elevated shear stress) dynes/cm' resulted in a mild transient increase followed by a significant decrease in TM mRNA to 37% and 16% of its resting level, respectively, by 9 hours after the onset of flow. In contrast, shear stress at the low magnitude of 4 dynes/cm2 did not affect TM mRNA levels. The sensitivity of TM mRNA expression by flow was found to be specific to endothelium, since it was not observed in BSM cells exposed to steady laminar shear stress of 15 dynes/cm'. Furthermore, unlike BAE cells, BSM cells did not exhibit altered cell shape nor align in the direction of flow after 24 hours of shear stress at 15 dynes/cm2. In BAE cells, TM T Nhe endothelial cell serves as a functional barrier between blood and the vessel wall and plays a critical role in the control of thrombosis and fibrinolysis in the blood vessel by a number of distinct mechanisms.' These regulatory processes include both negative and positive effects at distinct levels, including platelet activation by platelet-activating factor,2 inactivation by prostacyclin (PGI2)3 and endothelial cell-derived relaxing factor (EDRF),4,5 antithrombin Ill-dependent neutralization of the multiple serine proteases of the coagulation cascade by heparin-containing proteoglycans on the endothelial surface,' and fibrinolysis and its inhibition by tissue-type plasminogen activator (TPA)6,7 and its inhibitor plasminogen activator inhibitor (PAI-1),8 respectively.
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Of the known mechanisms that serve to negatively control the natural coagulation tendency of blood is the thrombomodulin (TM)-protein C pathway.9 TM is an integral membrane glycoprotein expressed on the surface of the endothelial cell that functions as a receptor with a high affinity for thrombin and forms with the latter a 1:1 stoichiometric complex that serves as a potent catalyst of the thrombin-induced activation of protein C. Activated protein C complexes to protein S, and together they catalyze the inactivation of factors Va and Vllla, thereby serving to inhibit thrombin formation. 9 The relative importance of the protein C system is underscored by increased thromboembolic disorders in individuals with protein C or S deficiencies10 and by the ability of exogenous TM to counteract, and anti-TM antibodies to potentiate, thrombin-induced thromboembolism in mice." Activated protein C has been demonstrated to protect from gram-negative sepsis in a baboon model. 12 Conway et al13 have also implicated TM in the internalization and clearance of extracellular thrombin. Soluble human recombinant TM has been recently demonstrated to antagonize thrombin receptor-mediated inositol phosphate generation, PGI2 release, and permeability increase in human umbilical vein endothelial (HUVE) cell monolayers, suggesting a role for TM in modulating endothelial cell activation by thrombin. 14 In addition to its multifunctional regulatory role, the endothelial cell is constantly exposed to blood flow and the resulting shear stress, ie, the frictional force per unit area acting tangentially on the endothelial surface in the direction of flow. Shear stress has been shown to be a central regulator of blood vessel structure based on principles of optimality15-17 by a feedback mechanism that involves the endothelial cell as one of its limbs. 16 Experiments have shown that blood vessels dilate18 or constrict19 structurally in response to increases and decreases in blood flow, respectively, so as to maintain shear stress magnitude at 15 dynes/cm' by a mechanism that is endothelium dependent.19 Furthermore, areas of the vascular system exposed to fluid shear stress of low magnitude (4 dynes/cm') and of time-varying character have been associated with a higher incidence of intimal hyperplasia and atherosclerotic change,20 suggesting for mechanical shear stress a possible role in the pathophysiology of vascular disease. The endothelial cell is now known to respond functionally and phenotypically to its external mechanical environment (for recent review, see Reference 21); endothelium is characterized by a shear stress-sensitive outward potassium current22 and responds promptly to shear stress with a transient increase in [ 4 revolutions per second with shear stress magnitude of 15 dynes/cm2 and a Reynolds number of 11. To achieve pulsatile shear, a modified cone varying sinusoidally in angle between 0.40 and 0.60 and rotating at 2.5 revolutions per second provided average shear stress magnitude ranging between 12 and 18 dynes/cm2 (mean, 15 dynes/cm2) at a frequency of 2.5 Hz (corresponding to 150 beats per minute), as previously described,40 with corresponding Reynolds numbers of 0.07 and 0.16, respectively. Measurements of lactic dehydrogenase release showed no significant increase in the media of cells exposed to any mode of shear stress used in the present study as compared with control cells (data not shown), suggesting the absence of shear-induced cell injury.
RNA Isolation, Northern Analysis, Hybridization, and Densitometry
To isolate total RNA from BAE and BSM cells, the acid guanidium thiocyanate phenol chloroform method43 was used.
After determination of RNA purity and concentration by a spectrophotometer, 25 ,g of total RNA was fractionated by use of 1.2% agarose gels containing 6% formaldehyde, 0.02 mol/L MOPS, 0.005 mol/L sodium acetate, and 0.001 mol/L EDTA. RNA was then transferred overnight by capillary action in 10x standard saline citrate (SSC, 1.5 mol/L sodium chloride and 0.15 mol/L sodium citrate [pH 7]) onto GeneScreen membranes (New England Nuclear) and immobilized by UV irradiation. Prehybridization and hybridization of the membranes were accomplished in 50% formamide, 0.2% polyvinylpyrrolidone, 0.2% bovine serum albumin, 0.2% Ficoll, 0.05 mol/L Tris-HCl (pH 7.5), 1 mol/L NaCl, 0.1% sodium pyrophosphate, 1% sodium dodecyl sulfate (SDS), 10% dextran sulfate, 100 ,g/mL denatured salmon sperm DNA, and 1 ,ug/mL poly(A) and poly(C). Northern blot hybridization was performed with a randomprimed 32P_labeled 0.7-kb EcoRI fragmnent of bovine TM cDNA,44 1.77-kb EcoRP of human TPA (ATCC No. 67585), and a 1.3-kb Pst I fragment of rat glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA. After hybridization, the blots were washed in 2x SSC and 1% SDS for 15 minutes at room temperature and then in 0.2x SSC and 1% SDS for 15 minutes at room temperature, followed by three washes of 20 minutes in 0.2x SSC and 1% SDS (at 63°C for TM and GAPDH and at 564C for TPA), and exposed to x-ray film (X-Omat-AR film, Kodak) at -80°C. Autoradiograms exposed in the linear range of the x-ray films were scanned two-dimensionally by a densitometer, and the signal strength of TM or TPA mRNA was normalized for each sample with respect to the density of the corresponding GAPDH mRNA signal to compensate for any variation in RNA loading and transfer. GAPDH mRNA was chosen because its level is not affected by fluid shear stress (Reference 40 and "Results").
Western Blotting With Anti-TM Antibody BAE monolayers were washed twice with ice-cold phosphate-buffered saline, then scraped in standard Laemmli lysis buffer containing 1.25% /3-mercaptoethanol, and boiled for 5 minutes in Laemmli SDS-polyacrylamide gel electrophoresis (PAGE) sample buffer. Equal amounts of protein (100 ,ug) were loaded per lane and fractionated by SDS-PAGE in 10% acrylamide gels, followed by transfer using the Transblot system (Bio-Rad) at (Fig 3, top) . The decrease in TM mRNA was specific, since steady-state levels of GAPDH mRNA remained unaffected by shear. Densitometry was performed on a number of experiments (n=3 to 17) on the TM mRNA band normalized with respect to the corresponding GAPDH signal (Fig 3, middle and bottom) . The analysis revealed that shear induced a decrease in TM mRNA from a basal control static level of unity to 0.34+0.03 (n=8, P<.0005) at 6 hours and to 0.36+0.29 (n=3, P<.001) at 9 hours for 15 dynes/cm2 (Fig 3, middle) . Under 36 dynes/cm2, there was a trend for a mild transient increase in TM mRNA at early times between 0.5 and 2 hours, reaching up to 1.43-fold (n=3, P=NS) at 0.5 hours followed by a decrease to 0.36±0.17 (n=3, P<.05) at 6 hours and to 0.16±0.03 (n=3, P<.0005) at 9 hours (Fig 3, bottom) . TM mRNA remained decreased by a similar extent even after 24 hours of continuous flow, indicating that the decrease is sustained and is not a transient phenomenon (data not shown). In contrast, exposure of BAE monolayers to low shear stress of 4 dynes/cm2 resulted in no significant TM mRNA change when compared with static controls at times up to 12 hours (Fig 3, bottom) . Exposure of BAE monolayers to this low shear stress also resulted in Shear Stress 1 5 dynes/cm2, 24 hr. To assess whether the decrease in TM mRNA in response to shear is reversible on return to static no-flow conditions, BAE cells were first subjected to 6 hours of steady laminar shear at 15 dynes/cm2, after which point flow was halted and total cellular RNA was isolated at 0.5, 3, and 6 hours. Northern analysis shows a gradual recovery of TM mRNA (Fig 4, left) to basal levels. Densitometric analysis (Fig 4, middle) of TM mRNA normalized with respect to GAPDH mRNA revealed that after 6 hours of shear stress, TM mRNA levels decreased to 30% (n=3, P<.01), and by 6 hours after cessation of flow, the levels had recovered to 98% of the static control levels (n=4, P=NS). Subjecting BAE cells to the same experiment but at a magnitude of 36 dynes/cm2 yielded the same result (n-2), with recovery of TM mRNA back to its level in static control cells (data not shown). Thus, the effect of shear stress on TM mRNA appears to be completely reversible within a time frame of 6 hours.
To determine whether the endothelial cells can still respond to shear stress by decreasing TM mRNA after recovery from a period of flow, BAE monolayers were exposed to moderate shear stress (15 dynes/cm2) for 6 hours (on), allowed to recover for 6 hours under static (no-flow) conditions (on-off), then exposed again to 6 hours of moderate shear stress (15 dynes/cM2) (on-offon), and harvested for Northern analysis. Fig 4, 15 dynes/cm2 using affinity-purified polyclonal antibody against bovine TM44 revealed a significant decrease. Fig  5, left, shows the specific band at -100 kD. Densitometric analysis revealed that BAE cells exposed to shear stress expressed only 0.33±0.07 of the amount of TM (n=3, P<.005) from BAE cells left under stationary conditions (Fig 5, right) (Fig 3, middle) , TPA is increased by approximately threefold compared with static control levels (Fig 7) . However, TPA mRNA levels increase very dramatically (":22-fold) at the higher shear magnitude of 36 dynes/cm2 (Fig 7) , whereas TM mRNA remains downregulated at 36 dynes/cm2, even further (at 16%) than at 15 dynes/cm2. The finding of dramatically higher response of TPA to shear of 36 compared with 15 dynes/cm2 is qualitatively similar to the previously reported increase in HUVE TPA mRNA at 25 but not 4 dynes/cm2, reported by Diamond and colleagues2930 and similar to our recent observations with basic fibroblast growth factor.5Y Discussion TM is a surface receptor for thrombin found mostly on endothelial cells but also has been recently shown to be expressed in smooth muscle cells49 and polymorphonuclear leukocytes.5' Among richly vascularized tissues, TM mRNA is found at its highest concentration in the lung and probably in greater quantities in continuous than in fenestrated endothelium.52 Because of its potent action in catalyzing the activation of protein C, TM is thought to play an important role in regulating the antithrombotic activity of the endothelial cell by multiple mechanisms, including activation of protein C, inactivation of factors Va and VIlla, and internalization of thrombin.9 Recent work'4 also implicates TM in antagonizing the activation of endothelial cells by thrombin. Since the endothelium is constantly exposed to flow and the resulting fluid shear stress in vivo, it is important to determine the role of fluid dynamic forces on the expression of TM. We used an in vitro cone-plate viscometer40 to apply physiological fluid shear stress under 4, 15, and 36 dynes/cm2 and have shown a clear and significant dose-dependent decrease in TM mRNA, which is mirrored by a decrease in TM protein under moderate shear, in BAE cells. In contrast, BSM cells exposed to 15 shear stress of 15 dynes/cm2, followed by cessation of flow and total RNA analysis at 0, 0.5, 3, and 6 hours. Middle, Graph shows densitometric analysis of three or four separate experiments demonstrating near complete recovery of TM mRNA by 6 hours after cessation of the shear stimulus to their static control levels (*Pc.01 and **P<.001). Right, Bar graph shows separate BAE cell monolayers exposed to 6 hours of steady laminar shear stress of moderate magnitude (15 dynes/cm2) (on), followed by 6 hours of static no-flow conditions (on-off), and further followed by another 6 hours of steady laminar shear stress of moderate magnitude (15 dynes/cm2) (on-off-on). Densitometric analysis of TM mRNA normalized with respect to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) reveals complete recovery in on-off experiments (n=4) to static control levels (n=7, P=NS) and similar TM downregulation between on (n-5) and on-off-on (n=5, P=NS The response of TM to fluid shear stress did not appear to discriminate between laminar steady, laminar pulsatile, and turbulent regimens of equal mean magnitude of 15 dynes/cm2. This finding is similar to that previously described for ET-1 and PDGF-B chain4050 and suggests that TM mRNA is more sensitive to the low-frequency component (mean magnitude) of the shear stimulus than to the higher frequency but smaller components seen in the turbulent or pulsatile regimens used here. The limitation of this result must also be recognized, since the dynamic characteristics of the chosen shear stimuli were arbitrary and may not represent conditions observed in vivo. It is possible that other time-varying shear conditions of higher frequency or magnitude may elicit a different result, particularly in light of other experiments demonstrating a different endothelial behavior under turbulent55 or pulsatile56 shear. Our finding may be interpreted as further evidence that the BAE cell may be acting as a viscoelastic structure57,5 and as such may be less sensitive to small higher frequency components of the shear stimulus.
The downregulation of TM mRNA and protein with application of fluid shear stress was observed to be concomitant with an increase in TPA mRNA, especially at the elevated magnitude of 36 dynes/cm2. This result demonstrates that the shear responsiveness of the TPA gene originally described in HUVE cells30 is also present in BAE cells. Together, the TM and TPA patterns of regulation suggest a switch in the phenotype of the endothelial cell from a predominantly antithrombotic and partially antifibrinolytic role5960 characterized by high TM and low TPA expression under static conditions to a fibrinolytic phenotype with decreased TM and increased TPA expression under conditions of flow, especially at the elevated level of shear stress. This is further strengthened by reports documenting that TM accelerates the thrombin-mediated inactivation of single-chain uPA and can thereby play an antifibrinolytic role in addition to its well-known antithrombotic role. 59, 60 The decrease in TM mRNA reached a steady-state level as soon as 6 hours after the onset of shear stress and also recovered within the same time period back to its previous level. Since the half-life of TM mRNA has been previously estimated at -8.9 hours,61 it appears unlikely for the shear-induced downregulation to be solely mediated by decreases in TM transcription without alterations in message stability such as has been described for ET-1. 62 Although the mechanism of TM regulation by shear is not at the present understood, it is possible to rule out cAMP involvement, since fluid shear stress of 20 dynes/ cm2 in BAE cells did not affect cAMP levels by any significant measure.62 Furthermore, cAMP analogues and cAMP-elevating agents have been implicated in increased TM expression,34 whereas shear stress induces the opposite effect. Protein kinase C is probably not involved, because in our system we were not able to detect significant protein kinase C activation as determined by translocation of enzyme activity or immunoreactivity of the a and ,B isozyme62 at 20 dynes/cm2, a magnitude at which TM mRNA is downregulated. Although shear is known to induce EDRF release31,32 and, by an autocrine action of the latter, increase cGMP, Hirokawa and Aoki63 reported no changes in TM activity with db-cGMP administration. In summary, our data show that TM, an important negative regulator of thrombosis with partial antifibrinolytic properties, is reversibly regulated by mechanical forces in an endothelial cell-specific, magnitude-dependent, and hysteresis-free manner and in an inverse relation with respect to TPA. These results add to the role of mechanical forces and fluid shear stress in the regulation of the complex array of interactions that regulate thrombosis and hemostasis at the surface of the endothelial cell.
